Abstract. The aim of this study was to evaluate and estimate the impact on the biological effective dose (BED) of irradiation delivered to a tumour during high dose rate brachytherapy with a heterogeneous dose distribution in the target volume. The calculation of BED in combination with the critical-voxel model and the LQ (linear quadratic) model was used to evaluate the effect of different combinations of heterogeneous dose distribution. The model is called the dose volume inhomogeneity corrected BED (DVIC-BED). Different random and non-random combinations of radiobiological parameters were used to test the model. A simulated clinical treatment of two 10 Gy fractions of brachytherapy was used. In the simulations 0-100% of the target volume was simulated to receive only 80% of the total dose. Different α/ß ratios as well as a different α value were used. A drastic effect on the outcome was observed especially when the ratio was low and the α value was high. The clinical effect is amplified when the tumour is considered to have a step dose respond curve. A 5 Gy decrease in dose corresponds to a reduction in clinical or chemical control ≤10-25% in the interval 65-85 Gy. Random production of different values has basically the same effect as above. The result stresses the importance to have control of the dose and the target volume during brachytherapy of prostate cancer. This is even more important when monotherapy with high dose rate brachytherapy is used and with a low α/ß ratio. The advantage of using this formula is that it is based on the LQ/ BED formula and that different treatments with different fractions and treatments can be summated independently of the homogeneity of the dose distribution.
Introduction
Prostate cancer PC is the most common malignancy that afflicts Swedish men. Every year, ~10000 new cases are diagnosed (1) . Radiotherapy is an established method for the curative treatment of PC (2) (3) (4) . Local control seems to be an important factor as regards survival and Hanks and coworkers have presented dose-response curves for PC (5) .
In Sweden a 192-Irridium after-loading system is used for the treatment of PC and this technique has now been implemented in several centres and >2000 patients have been treated with the technique (4, 6) . External beam radiotherapy is developing from three-dimensional (3D) to fourdimensional (4D) in order do minimize different errors in patient/target positioning (7) , and intensity modulated radiotherapy (IMRT) is also a well established method for treating PAC. All these methods will, due to technical reasons, result in a heterogeneous dose distribution.
The linear quadratic (LQ) and the extension, the biological equivalent dose (BED), formulas are well suited for tumour control probability (TCP) calculations, but LQ-formula is not well suited for treatments with heterogeneous dose distributions. However, Lennernäs and Nilsson (8) have presented the dose volume inhomogeneity corrected BED (DVIC-BED) for TCP calculations in evaluation of external radiation treatments with certain displacement errors. This formula can be used in BED calculations in treatments with a heterogeneous dose-distribution such as brachytherapy, IMRT or the summated dose of 4D external beam treatments.
In this study, we present DVIC-BED with special reference to different α/ß ratios and heterogeneous dose distributions in radiotherapy of prostate cancer.
Materials and methods
Calculation model. The principle of the dose volume inhomogenity corrected biological equivalent dose (DVIC-BED) is to calculate the biological effect in several subvolumes of ONCOLOGY REPORTS 18: 1299 -1303 , 2007 Calculated and simulated effects of heterogeneous dose distributions in radiotherapy using the dose volume inhomogeneity corrected biological equivalent dose formula with special reference to prostate cancer the target and then to add these sub-effects and express the sum as a dose as if the target had received this uniform dose.
The DVIC-BED model is a combination of linear-quadratic (LQ)-formula and the principle of the critical volume (tissuerescuing unit) model (9, 10) . The principle has been presented elsewhere (8) and is summarised below.
If the number of clonogenic cells is c (c t at specific time), the number of fractions is n, fraction dose d, total dose D and survival fraction SF and E for the effect after several fractions, the following expression for tumour control probability (TCP) can be derived (10):
If one assumes that the clonogenic cells are homogeneously distributed in the tumour from the beginning, one can divide the tumour into several subvolumes (v). The probability for cure will then depend on the number of clonogenic cells in each volume according to (10) :
The disadvantage is that the clonogenic number is unknown and the equation can only be solved using clinical data. The LQ formula, on the other hand, does not include the number of clonogenic cells, but instead expresses the relative effect on the tumour or other tissue. In 1989, Fowler introduced the concept of the biologically effective dose and this is expressed as (11):
The disadvantage of LQ is that the calculation assumes a homogeneous dose distribution and, as above, only can calculate the relative effect. The difference between relative and absolute effect is obvious in LQ-calculations on T1 and T3 PAC tumours -the LQ formula makes no difference. It is the clinical parameters that determine the total dose, whether the LQ-formula can analyse different fractionation schedules using that dose.
In clinical practice calculations of the relative effect is an effective tool, but when using intensity modulated radiation therapy (IMRT) or brachytherapy the limitations of a homogeneus dose is clear. The advantage of using the LQformula is that it contains the α/ß ratio (which reflect the radiobiological properties) and that BEDs from different treatments can be added. The BED calculation assumes that complete repair occurs between two consecutive fractions. It contains no correction for the cell proliferation which might occur during treatment. This is acceptable in the case of the late reacting tissue and in PAC since most studies show no correlation between treatment times on local control (12-14), when the treatment time is <8 weeks.
In order to calculate the BED in a target with an inhomogeneous dose distribution it is possible to combine equation 4 and 5 to the expression:
The advantage of using this formula is that it is based on the LQ/BED-formula and that different treatments with different fractions and treatments can be summated independently of the homogeneity of the dose distribution. The principle of DVIC-BED is to estimate and summate on a known number of subvolumes instead of calculating the effect on each clonogenic cell -a number which is not known.
Treatment. The treatments simulated in this study is a combination of 50 Gy external radiotherapy given in 2 Gy fractions in two 2.5 weeks with a split in two weeks, and two 10 Gy brachytherapy treatments given in the beginning and end of the split. However, only the effect of the brachytherapy part is presented. The α/ß ratio and α-values have been published by Eklöv (4.14, α=0.12) for 60 Co and DeWeese et al (3.7-10.9, ≤0.064-0.115) for both high and low dose rate irradiation (15, 16) . Although these values are determined in vitro, PAC can be assumed to have both a low α value and a low α/ß ratio (Lennernäs). The ratio has been subject for discussion by Brenner, Hall and Fowler and the ratio presented was as low as 1.5 (11) (12) (13) (14) .
The simulation is divided in several parts. First, the effect of dose-reduction in subvolumes of the target is discussed. In this part, the target volume is divided into 100 smaller volumes and these volumes are irradiated with different doses. The output of the calculations are recalculated and presented as if the treatments were given as external beam radiotherapy in 2 Gy fractions. In the second part, the α and α/ß ratio is randomised ~0.25 and 5.75, respectively.
Estimation of doses required for local control and for causing side effects. The dose required to achieve local control of prostate cancer has been suggested by Hanks et al (5) . These curves are important in understanding the effect of the DVIC-BED calculations and are the ultimate clinical solutions of the equations presented above.
Results
As shown in Fig. 1A and B, under dosage of even small volumes of the target has a drastic effect on DVIC-BED and it depends mainly on the minimum dose delivered to any volume of the target if the ratio is low and the α is high. Fig. 2A shows that all values (α, ß and α/ß ratio) are randomised in each treatment. The values are the same in all sub-volumes. Different combination will slightly influence the slope of the curve, but the initial step decrease in DVIC-BED is always present in the volume 0-20%. Thus, small misses are important.
As shown in Fig. 2B , all values in all sub-volumes are randomised, and the effect is still drastic. The highest curve (A) represents a high ratio (5) and low α (0.2), the lowest curve (C) a low ratio (3) and high α (0.4) respectively and (B) the mean (4 and 0.3, respectively) (Fig. 2B) . The curves in the middle (between the two Ds) are randomised. Although these values for ratio α are normal and distributed ~4 and 0.3, the resulting curve is located lower than the mean curve (B). Thus, the effect of radio-resistant cells is amplified by the underdosage in some subvolumes. Fig. 3 shows the effect of underdosage in subvolume in two brachytherapies, with different ratios but with the same DVIC-BED (if no miss is simulated). The DVIC-BED for no miss is 153 and 150, respectively. The treatments are both fractionated in 2 fractions with the total dose 20 Gy (ratio 1.5) and 32 Gy (ratio 4). The underdosage is 80% of the dose in 0-100% of the subvolume. The effect is the same as that shown in Figs. 1 and 2 , but low ratio is more sensitive to a miss in the target volume. (5) and low α (0.2), the lowest curve (C) a low ratio (3) and high α (0.4) respectively, and (B) the mean (4 and 0.3, respectively). The curves in the middle (between the two Ds) are randomised. Although these values for ratio and α are normally distributed ~4 and 0.3, the resulting curves are located lower than the mean curve (B).
A B A B Discussion
It is important to note that all models are simplifications and much information concerning a tumour is still unknown. However, models help us understand and detect possible pitfalls in radiotherapy treatments, but, the interpretation of a certain result must be done carefully.
The effect of a decrease in DVIC-BED values on local control is dependent on the slope of the dose-response curve at the current dose level. The dose required for the local control of a PAC is not self-evident, nor is the shape of the doseresponse curve although Hanks among others have presented a large contribution on the issue. Higher doses seem to increase clinical and microscopic local control and Hanks and co-workers (8) have presented dose responds curves based on the pre-treatment PSA and clinical and biochemical diseasefree patients (bNED). The study clearly indicates the steep dose-response relationship in the 70-80 Gy intervals and the impact of dose escalation on bNED.
It can be estimated that a dose reduction of 5 Gy, results in a 10% decrease of bNED in the interval 65-70 Gy and 20-25% in the interval 75-80 Gy using data presented by Hanks. However, dose escalation will force the BED to a flatter section of the dose-response curve, and the probability for cure will be less dependent on BED fluctuations. Therefore, an increase of the DVIC-BED far to the right part of the curve can be questioned from a clinical point of view, although this will at the same time make the treatment more resistant to a heterogeneous dose distribution.
High dose rate brachytherapy is growing in popularity for the treatment of PAC. The intention is to deliver a high dose boost to the prostate and recently monotherapy or treatments with few fractions have been presented. Data such as presented by Hanks among others are important contributions for the selection of number of fractions and total dose. However, models for dose-fraction evaluation, such as LQ and DVIC-BED, itself depends very much on the chosen radiobiological parameters, such as the α/ß ratio, and this is not self-evident (see Discussion).
In this study we emphasise a possible problem with brachytherapy in general and in monotheraphy specifically -the large effect of even a small underdosage of the target. This effect is the greatest using a low α/ß ratio and when α is high. Based on Fig. 2 , one can argue that the α/ß ratio is not important since even the curves with the lowest α/ß ratio and the largest underdosage effect, will be better than higher α/ß ratio curves. As shown in Fig. 3 , the sensitivity to under dosages is present in both ratio 4 and ratio 1.5 treatments, and a low ratio is more sensitive.
If a treatment is designed with a higher α/ß ratio a higher dose per fraction is required and the treatment will be less sensitive to under dosage. At the same time the treatment will be less sensitive to clones of cells with a possible lower ratio.
This study stresses the importance of including not only the desired dose given to the target, but also the dose given to all subvolumes of the target. Although a high α/ß ratio will give a strong effect on the tumour, it is dangerous if this dose intensity cannot be achieved.
There is a risk using low α/ß ratios, since you can design new schedules with wide therapeutic windows between the effects on the tumour versus the effect on organs at risk. However, this could be incorrect and the patient will end up receiving a sub-optimal dose. Although data indicate that the α/ß ratio for PAC is low we need more reliable data based on long-term survival (not biochemical surrogate) before we use it to design new treatments. A good rule is not to use a lower α/ß ratio than the α/ß ratio for slow reacting tissue.
This study was designed to show how the DVIC-BED model is an extension of the BED-and LQ-model and that the DVIC-BED adds volume effect to these models. This makes DVIC-BED well suited for evaluating and reporting brachytherapy treatments. 
